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Introduction
Recirculation is one of the controlling factors for the ecological evolution of lakes. 20 Incomplete deep recirculation, for example, can result in anoxic bottom waters. As a consequence, organisms relying on oxygen for respiration are excluded from these layers.
Anoxia can be decisive for releasing substances from the sediment, such as phosphorus as a well-known example. Hence recirculation patterns can crucially interfere with the trophic evolution of lakes. In addition, a bottom water body can store high amounts of nutrients and 25 -3 -other dissolved substances of environmental concern. Released by an extraordinary mixing event, these substances can be hazardous for organisms inside and around the lake.
Only lakes of limited depth reliably produce a full overturn every year. Lakes can be meromictic due to gradients of dissolved substances (e.g. Findenegg, 1935 , Hutchinson 1957 Boehrer and Schultze, 2008), they can be oligomictic due to interannual variability of the weather conditions, and thirdly they can be permanently stratified due to pressure effects, if they lie in the corresponding climatic zone. Temperature profiles in Lake Mjøsa, Norway (Strøm 1945) , Lake Ladoga, Russia (Pettersson 1902) and Crater Lake, USA (Kemmerer et al., 1924) proved the presence of thermobaric stratification in freshwater lakes, when climatic 35 and morphometric conditions allowed for it.
Our interest was directed towards "very deep" lakes, which, in this contribution, refers to lakes deep enough to show the discussed stratification features. We only included lakes where stratification and circulation were controlled by heat. The investigation covered both lakes 40 with surface waters traversing the temperature of 4°C in the annual cycle, in contrast to lakes where surface waters stayed warmer than 4°C all year. Former lakes could show a stratification due to pressure effects. In two cases, i.e. Crater Lake in Oregon, USA Collier, 1995, Crawford 2005) and Lake Baikal, Siberia, Russia , Imboden and Wüest 1995 , Wüest et al 2005 , the stratification and 45 the deep water renewal had been investigated in detail, though many more such lakes are known (Boehrer and Schultze 2008, see above) .
In contrast to considerations made by Carmack and Weiss, we investigated lakes where horizontal gradients were minimal and hence thermobaric instabilities were minimalized. To 50 keep horizontal differences small, we searched for lakes of small horizontal dimensions. This -4 -study on circulation patterns of very deep lakes became especially interesting, as worldwide mine lakes of similar shape and size have come and will come into existence within the following few years or decades (e.g. Island Copper Mine, BC, Canada; Berkeley Pit, Montana, USA; Hambach and Garzweiler, Germany).
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Model of horizontally homogeneous, purely temperature-stratified very deep lake
Generally water movements in lakes are three dimensional, and gradients of dissolved 60 substances contribute to the density stratification. On purpose, we approach the circulation of very deep lakes with most simple boundary conditions to test and enhance our understanding of processes. The best approximation for density if temperature T and salinity S are known is by Chen and Millero (1986) ; for a more comprehensive display see Boehrer and Schultze (2008). 65 Salinity is evaluated from electrical conductivity measurements following the freshwater assumptions of Chen and Millero (1986) In contrast to the findings of Carmack and Weiss (1991) and Weiss et al. (1991) , our 115 conceptual model does not permit horizontal gradients. We simulate the stratification in lakes in the absence of thermobaric instabilities. Our model enforces stable density stratification while implementing an annual cycle of surface temperatures. Proceeding from winter into spring (Fig. 1b) , increasing surface temperatures imply unstable conditions. As a consequence, the entire mixolimnion follows the temperature evolution of the surface water 120 until reaching deep water temperature. Only if sufficient forcing acts on the lake at this moment, overturning is possible, but chances for a full overturn are small.
With a further temperature increase at the surface, stratification is unstable only down to T md .
Without any additional mixing, the deeper mixolimnion will not participate in the circulation.
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A further quasi-steady increase of surface temperatures results in temperature profiles reproducing T md closely over a large depth range in spring (see also Weiss et al. 1991) . After -7 -summer stratification and autumn, lakes can go into inverse stratification in winter, without necessarily going through a homothermal phase (Fig.1b) . If mixing and convection due to warmer surface temperatures at the end of winter are sufficient to homogenize the 130 mixolimnion, the lake establishes a two layer phase (Fig. 1, winter/spring) . In this case, the depth of the recirculation does not only determine the thickness of the remaining deep water but also its temperature as T md of the recirculation depth: Higher deep water temperatures imply unstable conditions in the temperature gradient. 
Field Sites and Results
We searched for lakes deep enough to show pressure effects of T md which would represent conditions of horizontal homogeneity and pure temperature stratification as well as possible.
A series of caldera lakes in Japan seemed suitable, as they had small horizontal dimensions 150 (diameters between 2.5 km and 12 km) in comparison with their great depths (148 to 423m).
From South to North and warm to cold, we took measurements in lakes Ikeda, Tazawa, Toya, Kuttara and Shikotsu (map see . Geographic location and general morphological features have been listed (Table 1) . None of the lakes showed conductivity gradients large enough to control the circulation pattern. Within the expected accuracy, the probes showed the same profiles (for more details see Lake Tazawa and Lake Toya had obviously experienced full overturns in 2004 / 05, as concluded from the absence of gradients in oxygen (Fig. 2) , el. conductivity and pH profiles. Deep waters in Lake Tazawa, lay above 4°C at all depths, while in Lake
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Toya deep waters were colder than 4°C (Fig. 2 ). In conclusion, Lake Tazawa had experienced a full overturn at temperatures just above 4°C, while Lake Toya did so at temperatures just below 4°C.
Lake Shikotsu showed nearly homogenous profiles of dissolved oxygen (Fig. 2) ; el.
175 conductivity and pH (see ). However, a small but distinctive step could be verified in the profiles. This indicated that recirculation did not include the waters below. The depth of this step coincided with the point in the temperature profile below which no temperature gradient was found.
Lake Kuttara also showed these features, though less impressively due its smaller depth.
Recirculation had left distinctive steps in oxygen and el. conductivity (see at 125 m depth with isothermal waters below. In both, Lake Kuttara and Lake Shikotsu, we find temperatures close to T md over a wide depth range. The very deep caldera lakes in Japan were among the first where thermobaric stratification had been found. Most of these measurements in the years between 1910 and 1931 had been conducted with insulated water bottles or reversing thermometers. Yoshimura (1936a, b, c) , who published these data or cited some from more difficult to attain sources, very cautiously estimated an accuracy of 0.3 K for all measurements done in 1930 or earlier and an accuracy of 0.1 K for measurements after 1930. Already Strøm (1945) indicated also the earlier measurements could be trusted within 0.15K.
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We included the early measurements deeper than 100 m, together with our profiles. The direct comparison showed higher temperatures in Lake Ikeda, which suited the expected susceptibility of deep water temperatures in oligomictic lakes to different air temperatures.
Lake Shikotsu showed no change in temperature. Interestingly, Lake Tazawa Also Crater Lake in Oregon, USA of a similar shape as Lake Shikotsu although slightly larger reflected some of the features, though a salinity gradient preserved a small temperature 230 gradient in the deep water. The validity of our one dimensional conceptual model was -11 -naturally limited to cases where salinity gradients and horizontal gradients did not impact on the stratification, as in the much larger Lake Baikal for example Weiss 1991, Wüest et al. 2005 ). Our conceptual model, however, is well capable of reproducing most typical features of thermobaric stratification in lakes of several kilometres diameter and 235 several hundred meters depth. temperature [°C] Lake Shikotsu Lake Kuttara Lake Toya Lake Tazawa Lake Ikeda
